We have integrated two complementary methods, high-throughput virtual screening with a "high-content" wet screening technique based on frontal affinity chromatography with mass spectrometry detection (FAC-MS), for identification of hits against the erythropoietin-producing hepatocellular B2 (EphB2) receptor tyrosine kinase domain. Both an EphB2-directed virtual screen combining docking and scoring and a kinase-directed pharmacophore search strategy were used to identify a compound set enriched in bioactive compounds against EphB2. The coupling of virtual screening methodologies with FAC-MS is a unique hybrid approach that can be used to increase the efficacy of both hit discovery and optimization efforts in drug discovery and has successfully identified hits, in particular 19a (36% shift, IC 50 ) 5.2 µM, K d ) 3.3 µM), as inhibitors for EphB2, a potential cancer target.
Introduction
The pharmaceutical industry has been facing escalating pressures to increase the number of drugs that reach the market every year while reducing drug attrition in the process. High-throughput screening (HTS) technologies and combinatorial chemistry campaigns emerged as a result of such pressure. However, both can be characterized as "brute-force" approaches and have yielded only limited returns in early stage hit discovery. 1 Furthermore, these two approaches are rarely integrated into an efficient platform that addresses key problems in drug discovery. As a result, virtual screening techniques are increasingly occupying a broad place in drug discovery from hit discovery to lead optimization. 2 This development is partly due to advances in computational methods (e.g., filtering and predicting druglike properties, docking and scoring, and pharmacophore development) and an increasing availability of target crystal structures 3 for docking but also to the realization that brute-force approaches alone are not sufficient for the discovery of druglike hits that can be productive in compound optimization efforts. Furthermore, virtual screening methods can attempt to address one of the issues in drug attrition by attempting to identify those properties that make a drug 4 and thus provide a method for eliminating potential problematic compounds before much effort is placed on them, potentially leading to increased productivity.
Since drug discovery is a complex, iterative process, the careful integration of several complementary tools that are amenable to iterations is likely to produce significant returns over a single radical approach. As such, we have integrated two complementary methods, high-throughput virtual screening with a lower throughput but "high-content" wet screening technique based on frontal affinity chromatography with mass spectrometry detection (FAC-MS) [5] [6] [7] [8] [9] for identification of hits against a target. The high-throughput virtual screening portion of this "hybrid" platform is based on docking of a diverse druglike compound library against a target structure followed by ranking of the individual library members. For ligand docking, we used the robust and well-validated genetic algorithm-based program Gold 10 running on a Linux cluster. The ligands in the library were scored using the consensus-scoring module CSCORE. 11 Hits identified virtually were then physically assayed by FAC-MS, which offered a convenient method for measuring and ranking the relative binding affinities of ligands in a mixture against an immobilized protein target. FAC-MS can also be used in a more rigorous mode for determining equilibrium binding constants, K d , of individual compounds. 8 The principles of the FAC-MS screening technique have been described elsewhere [5] [6] [7] [8] [9] but will be briefly summarized. It is based on the continuous infusion of small molecules over a protein target immobilized onto a solid support column followed by MS detection. As ligands flow through the column, they bind to the target with differing affinities. As a result, depending on their affinity, individual ligands are retained in the column, causing an increase in their "breakthrough volume", that is, the effluent volume passing through the column that allows the output ligand concentration to equal the input ligand concentration. The breakthrough volume of the ligands, characterized as a sigmoidal front, can readily be detected by MS and corresponds directly to the time that the front (breakthrough time) is observed to pass through the column.
Recently, we validated the use of the erythropoietinproducing hepatocellular B2 (EphB2) kinase domain as a target using FAC-MS with known kinase inhibitors ( Figure 1 ) and determined that the FAC-MS readout (% shift) correlated with both the K d and IC 50 value of individual compounds. 12 We report here an extension of this earlier work with an application of the virtual and FAC-MS coupled screening approach in the discovery of hits against EphB2.
Eph receptors represent the largest subfamily of receptor tyrosine kinases (RTK) and fall into two subclasses, A and B, based on their selectivity for their respective ephrin ligands. Ephrins are themselves cell surface proteins bound to the plasma membrane through a glycosylphosphatidylinositiol (CPI) moiety (A subclass) or a transmembrane segment (B subclass). The major role of Eph receptors is the regulation of axon growth through mediation of cell-cell repulsion through binding of an ephrin on an adjacent cell surface. 13 Eph receptors, however, are frequently overexpressed in a wide variety of cancers 14 including colon tumors, 15 small-cell lung carcinoma, 16 gastrointestinal tumors, 17 and breast cancer. 18 Activation of EphB2 has also been shown to inhibit integrins by modulation of R-Ras activity, resulting in reduced adhesion, a characteristic of tumor cells that facilitates tumor metastasis and invasion. 19 In addition, Eph receptors (including EphB2) have been shown to regulate the formation of the vascular network and as such may be important in angiogenesis. 20 Thus, inhibitors of EphB2 activity may be therapeutically important as antitumor agents.
Results
We have been interested in developing inhibitors of EphB2, and the crystal structure of the kinase domain has been solved by X-ray crystallography. 21 This target therefore was not only amenable to hit discovery by virtual screening techniques but also suited to showcase our virtual screening with FAC-MS hybrid approach because we had previously successfully used EphB2 with FAC-MS. 12 1. EphB2 Docking and Scoring Protocol. 1.1. Kinase/ATP-Directed Inhibitor Binding Interactions. There are a number of literature reviews on kinase inhibitors that detail structure-activity relationships (SAR) and structural information on tyrosine kinase inhibitors [22] [23] [24] [25] that can be used to derive pharmacophore models and guide compound selection from docking and scoring studies. Briefly, the ATP binding cleft can be described in terms of subregions that interact with inhibitors. 22 Simplistically, it comprises a linker region involved in hydrogen-bonding interactions, a hydrophobic pocket deep into the cleft, and a solvent-accessible region comprising the sugar pocket and its vicinity. All inhibitor-kinase complexes observed so far form a key hydrogen bond between a donor N-H in the linker region connecting the N-and Cterminal lobes of the kinase domain and an acceptor in the inhibitor with two binding modes typically observed. One, typified by ATP, 26 uses a donor acceptor system comprising the aforementioned NH donor and a carbonyl acceptor in the protein two amino acids N-terminal to the donor. Inhibitors that bind in this orientation typically orient a hydrophobic group toward the hydrophobic pocket. This binding mode (Figure 2A ) has been observed for kinase inhibitors such as PP2 27 and quinazolines, 28 where the hydrogen bond donor is an acidic CH from the quinazoline core. The other binding mode ( Figure 2B ), as observed for inhibitors such as olomoucine, 29 roscovitine, 30 and purvalanol 31 uses the same donor, but the carbonyl acceptor is from the same amino acid residue and orients a hydrophobe toward the solvent-accessible region. There are several classes of kinase inhibitors that place functional groups in both the hydrophobic pocket and the sugar pocket and/or solvent-accessible region. The hydrophobic pocket usually confers binding affinity and kinase specificity, while the sugar pocket or solvent-accessible region offers a handle for adjusting pharmacokinetics (PK) properties of molecules. Since, in principle, most kinase-inhibitor interactions observed so far fall within these two pharmacophore binding hypotheses, we believe that compounds capable of fulfilling these "binding guidelines" will make good kinase inhibitors.
Docking and Scoring Validation.
At the time of this study, kinase inhibitors for the EphB2 kinase had not been published. To help develop an understanding of the structural and pharmacophore binding requirements of this kinase, we assembled a selection of 95 known ATP-competitive kinase inhibitor structures (see Supporting Information) from the literature representing several compound classes. We specifically selected compounds for which there was crystallographic information available or clear SAR data. This structural information was then used to validate our docking and scoring strategy and to formulate and validate our pharmacophore-based searches.
In our previous work, a majority of the known kinase inhibitors that demonstrated inhibition of EphB2 were from the well-known quinazoline class ( Figure 1 , Table  1 ). However, since we were interested in finding EphB2 inhibitors representing novel chemotypes or at least chemotypes free of intellectual property (IP) constraints, we opted to keep our docking strategy unbiased. For our docking validation exercise, shown in Scheme 1, we used the complete set of 95 literature compounds, since these represented most of the known ATP-competitive inhibitor classes.
With Gold, all 95 kinase inhibitors were docked into the ATP binding site of EphB2 with the top 10 poses or solutions for each compound retained. We considered a binding mode to be reasonable if the aforementioned key hydrogen bond was formed in any of the top 10 solutions and the final interaction could be described by either the olomoucine-or ATP-type binding model. In cases where a crystal structure for one of the known kinase inhibitors was available but complexed with another kinase, the individual docked poses of the inhibitor with EphB2 were checked against these experimental binding modes. Hence, according to these criteria, Gold predicted at least one reasonable binding mode in the top 10 poses for 72 of the 95 ligands ( Figure 3 ). If we considered the total number of poses for the complete set of ligands (95 ligands × 10 poses), then 64% of these were found to conform to either binding model, and for 52% of the kinase inhibitors, the correct solution was found within the top three poses. Since this was consistent with literature 32 validation using Gold, we were confident that Gold should be robust enough to identify potential kinase inhibitors in a virtual screening application. However, to speed data handling and increase scoring time efficiency, we decided to retain only the top three solutions for all ligands, since, as noted above, we had found that for about half of our The % shift is quantified from the equation % shift ) (tI -t)/(tI -tNSB) × 100%, where t is the breakthrough time difference (measured at the inflection points of the sigmoidal fronts between the indicator 1 and void marker M3) in the presence of the compound, t NSB is the nonspecific binding breakthrough time difference for 1 in the absence of immobilized EphB2 (and is a constant for the indicator used), and tI is the breakthrough time difference for 1 in the absence of the compound. c Average of three measurements ( SD. d 1 and 2 were determined twice. e Not determined.
kinase inhibitor set the correct solution was found in the top three poses. Moreover, in a virtual screening application using hundreds of thousands of compounds, this can produce a drastic decrease in the total scoring time. Additionally and for practical reasons, this data reduction step would also allow for valuable visual inspection of the results.
We scored the best three poses for each ligand by the consensus score module CSCORE in SYBYL, version 6.9, made up of five scoring functions (F-score, G-score, PMF-score, D-score, and ChemScore). 33 The poses that conformed to either of the two binding guidelines described earlier were identified using a customized SPL 33 script. Interestingly, we found no correlation between consensus scores and pose selection. That is, we could not distinguish between the "correct" poses and incorrect poses by a consensus scoring technique. When analyzing the individual score functions, however, we found that the PMF score function showed a moderate separation between the two sets.
However, in order to determine if the PMF score function would be useful in enriching a compound selection for bioactive compounds against our EphB2 kinase target, we embedded the 72 kinase inhibitors successfully docked by Gold into a randomly selected set of 1000 small molecules. Specifically, we wanted to determine if PMF would be able to distinguish between the set of 72 kinase inhibitors and the random set. A complete set of 1072 compounds were docked into the EphB2 target and scored accordingly. Again, consensus scoring was unable to distinguish between the kinase inhibitor set and the random set; however, PMF rankordered the kinase inhibitor set better than the random set. When sorting the data set by the PMF score, we found 40 of the 72 kinase ligands for which a correct binding mode was observed within the top 10% of the data set (or within the top 107 ligands), corresponding to an enrichment factor of 37%. Upon inspection of some of the top-ranked compounds from the random set, it was apparent that several of these also conformed to the kinase inhibitor binding modes described earlier and had structural features characteristic of kinase inhibitors, indicating that the enrichment was indeed meaningful as shown in Figure 4 . This indicated that a selection scheme incorporating the kinase binding mode criteria and PMF scoring should yield a compound set enriched in bioactive compounds against EphB2.
2. Identification of EphB2 kinase inhibitors. 2.1. Docking and Scoring. Using the above docking and scoring procedure, we virtually screened several vendor databases for potential inhibitors of EphB2 but are reporting the virtual and FAC-MS screening results from only one of the databases. As shown in Scheme 2, a set of druglike filters were applied to the database (to exclude unwanted functionality such as reactive groups and groups known to cause toxic effects) and 3D structures 33 were generated for 50 452 unique compounds. After docking, the set of 150 459 final solutions corresponding to the top three poses for each compound successfully docked was transferred to SYBYL for scoring. The resulting scored collection was then searched for the presence of poses conforming to one of the two kinase binding models. This resulted in 20 749 compounds with about 20% representing multiple poses for the same ligand. Selecting the one with the lowest score to produce a set representing only unique ligands eliminated the redundant poses for each ligand. When the PMF score was used as the selection criterion, the top 10% or 1539 compounds were selected. This complete set also corresponded to PMF scores within the ranges determined for the known kinase inhibitor set (72 of the 95 successfully docked). This selection was then subjected to a second set of druglike filters, including total polar surface area 34 (TPSA < 150) and total number of rotatable bonds less than 9 followed by visual inspection of the docked compound within the ATP binding site of EphB2 with a final set of 250 compounds chosen.
2.2. Pharmacophore-Based Database Mining. Two pharmacophore models were generated. The first was a specific tyrosine kinase pharmacophore model, and the second was a more general kinase pharmacophore model.
The first specific tyrosine kinase pharmacophore model was derived using 7 (see Supporting Information) of the 95 kinase inhibitors and were from the wellknown quinazoline and pyrrolopyrimidine classes. Several crystal structures for these classes reveal that the aniline group occupies the hydrophobic pocket of the ATP binding site, and our docking exercises also reproduced this binding mode. In this pharmacophore model ( Figure 5A ) an acceptor atom associated with its protein donor site is used again to denote the key hydrogen bond interaction, but this time it is connected to (or part of) two hydrophobes that taken together describe bicyclic or higher order polycyclic systems. This polycycle is associated with a third hydrophobe to capture anilinelike groups that could potentially occupy the hydrophobic region of the active site.
The second pharmacophore model tried to capture the general kinase inhibitor binding modes described earlier. This model was made up of two hydrophobic centers connected to an acceptor atom associated to its protein donor site ( Figure 5B ). The interfeature distances were constrained to 6.95, 6.01, and 8.76 Å for the distances between the acceptor atom and hydrophobe 1, the acceptor atom and hydrophobe 2, and hydrophobe 1 to hydrophobe 2, respectively. The association of the acceptor atom to the donor site in the protein ensured the overall orientation of the molecules with respect to the kinase. Only one angle constraint was used for the hydrophobic and the acceptor atom features, thus allowing the two hydrophobic centers to cover the large domain in the kinase active site, from the hydrophobic region to the sugar pocket. Since not all compounds place hydrophobes in both regions, a partial match directive was used on the query for the hydrophobic centers to match compounds that contained only one.
Using these pharmacophore models, we searched the same screening compound collections mined by docking in order to find compounds capable of binding EphB2 with a similar set of interactions (but again, we are only reporting the results from one database; see Scheme2). This in principle would be a bookend to the docking and scoring work described above, but the two exercises should complement each other and a minimal overlap of results was expected. Interestingly, screening with the more specific tyrosine kinase pharmacophore model resulted in about 6% of the database identified as hits. Screening with the more general kinase pharmacophore resulted in a set of hits representing 2.4% of the original database. The resulting hits from both searches were combined by Boolean logic, resulting in an overall compound overlap of only 2%. These combined hits were then docked and scored with EphB2 as described earlier.
Finally, upon visual inspection and application of the second set of druglike filters (TPSA < 150; total number of rotatable bonds less than 9), 250 candidates were selected.
FAC-MS Screening.
Of the 500 virtually selected compounds only 468 were available for purchase, and these were dissolved in DMSO to give a 5 µM stock solution. From these stock solutions, they were diluted with the FAC-MS buffer and randomly combined into 52 mixtures of nine compounds each for FAC-MS screening. To determine whether an immobilized protein is active by FAC-MS, an "indicator" and "void marker" are required. The choice of an indicator depends on its affinity for the immobilized protein, low nonspecific binding to the FAC-MS system (capillary lines, columns, beads, etc.), and whether it has a stable MS signal with a high dynamic range. In this case, the indicator identified was 1, WHI-P180 (Figure 1 ), which has an IC 50 of 1.2 µM for EphB2. 12 The void marker used was RMan(1f3)[RMan(1f6)] ManO-octyl (M3), which gives the same breakthrough time whether the target protein is present in the column or not. To profile individual compounds (or mixtures), we used standard concentrations of 1 (1 µM), M3 (1 µM), and compound(s) (5 µM) monitoring only 1 and M3 by MS. First, the breakthrough time for 1 alone was monitored both to confirm EphB2 activity and to determine a quantifiable measure of binding, then in the presence of the compound(s). If there are compounds that are competing with 1 for binding, then they will cause a reduction in the breakthrough time for 1, which can be quantified as a "% shift" of the indicator, 1 in this case.
Since we had previously demonstrated that for EphB2 the FAC-MS readout (% shift) 12 correlated with IC 50 and K d values for known kinase inhibitors (Table 1) , our aim was to identify which of the virtually selected compounds when analyzed by FAC-MS as mixtures would generate the largest % shifts of 1, that is, those that competed the most for binding. These mixtures (in this case, grouped as nine compounds) would then be further deconvoluted to identify the individual compounds responsible for the % shifts. The results of the FAC-MS screening of these mixtures are given in Table 2 . We found that 28 (55%) out of the 52 mixtures generated % shifts with one mixture rendering the FAC-MS column inactive for reasons not yet determined. From the 28 mixtures we selected only the four mixtures that generated the largest % shifts (CDEphMix1, 24%; CDEphMix42, 22%; CDEphMix47, 41%; CDEphMix48, 22%) for deconvolution.
The compounds in these four mixtures were run individually by FAC-MS to determine which were responsible for the activity. As shown in Table 3 , after deconvolution, 12 compounds 12-19b generated FAC-MS % shifts ranging from 4% to 36%, with 13 and 19a being the most potent. The individual IC 50 values for these compounds were also determined using an ELISA assay, and the results are also given in Table 3 . As in our previous work, there was a good correlation for 12-19b FAC-MS % shifts and their IC 50 values (Figure 6 ), again indicating that % shifts are a good surrogate for IC 50 values.
With regard to SAR we were able to discern basic information with regard to the 9H-purin-6-amino core of 19a. From the 468-compound library, 8 additional compounds represented by 19c-i were evaluated individually by FAC-MS. As shown in Table 3 , neither of the compounds with the aryl group directly attached to the 6-amino position 19c-g were active nor were the two with the bulkier substituents 19h-i. Although not comprehensive, this information does provide a key as to what may be important for EphB2 binding at the 6-amino position for this 9H-purin-6-amino core. Similarly, several analogues with the same 2-anilino-5-ethylidene-1,3-thiazolone core as 15a,b were also identified; however, we did not pursue them by FAC-MS because their activity was relatively low and these additional analogues were from mixtures that generated either small % shifts or no shifts at all. Nonetheless, this illustrates how relatively easy it is to generate preliminary SAR data that could lead to a potentially more efficient medicinal chemistry program.
To further evaluate the virtual and FAC-MS hybrid screening approach, several of the more active compounds identified by FAC-MS were also tested for activity in a cell-based EphB2 autophosphorylation assay (Table 4) . Both 1 and 2 at 150 µM showed nearcomplete inhibition of ephrinB1-mediated EphB2 autophosphorylation in a colon cancer cell line. In addition, several of the deconvoluted compounds observed to be the most active by FAC-MS (19a, 19b, and 17c) also inhibited cellular EphB2 autophosphorylation. Compound 13, also active by FAC-MS, precipitated in the aqueous environment of the cell-based assay and thus was not tested. We also tested 19c, which was inactive by FAC-MS to serve as a negative control and as expected was also inactive in the cellular assay. Overall, these results demonstrate that the hybrid method comprising virtual screening coupled to FAC-MS is capable of identifying cellularly active compounds.
Discussion
The objective of this study was twofold: first, to demonstrate that the use of virtual screening coupled to FAC-MS in a "hybrid" approach is an effective method for discovering small-molecule hits of protein targets and, second, to identify hits for a potential cancer target, EphB2. It has been suggested that virtual lead screening offers the possibility of improving the drug discovery success rate by reducing compounds with undesirable ADMET characteristics. 35 In addition to this ADMET filtering, the use of docking and scoring and/or pharmacophore mining of compound databases should also enhance hit rates. 2 The availability of a crystal structure 21 and the availability of a great deal of information regarding the binding of kinase inhibitors made EphB2 an ideal target to showcase the virtual/FAC-MS hybrid approach. The FAC-MS results of the mixtures (Table  2) indicate that our virtual screening effort successfully enriched the selection of compounds for activity against EphB2 with over half of the mixtures generating % shifts. Moreover, and just as important, 23 of the mixtures (207 compounds) produced no % shifts and therefore can be discarded (and not evaluated individually), clearly an added benefit of FAC-MS. Since the final set of 500 compounds (468 available) selected for FAC-MS analysis had been filtered for druglike properties, the hits identified could potentially form the basis of an optimization program for inhibiting EphB2.
Although we were able to take advantage of a crystal structure and binding guidelines, this hybrid approach could still be applied to cases where only a crystal structure (or homology model) is available and a few (or no) ligands are available. Druglike filters would still be applied to the starting library, any potential binding site(s) identified (if not known), and the filtered library docked. The quality of the docked compounds for these cases will not be as high without binding information to guide the selection, and consequently, a larger set of docked ligands would be required for screening. The use of FAC-MS, however, would compensate for the larger set of docked ligands to screen because, although not shown here, we have demonstrated that up to 200 compounds can be screened per mixture, as opposed to the 9 for this EphB2 case. The results of the FAC-MS screen could then be used to validate whether the potential binding site and virtual screening effort were successful, and if required, the process was repeated for another potential binding site.
The relatively small number of compounds (468) allowed us to carry out the FAC-MS screening using an indicator and looking for shifts of the indicator, which we have shown is a good surrogate for IC 50 . 12 There is, however, the added flexibility with FAC-MS to screen by monitoring the individual compounds by their unique m/z values. As opposed to the time requirement for deconvolution with the indicator method, multiple compound monitoring will allow for rank ordering. Although the signal to noise will be higher with this latter so-called Q1 scan method, a larger number of compounds can be screened (up to 200 as mentioned earlier) per run.
With regard to the second objective of trying to discover hits for EphB2, we have shown in Table 3 that several scaffolds were indeed identified with confirmed activity. For one of the hits identified in this study, 19a (36% shift, IC 50 ) 5.2 µM, K d ) 3.3 µM), we have conducted a limited search and found this compound to be free of IP constraints regarding EphB2. Additionally, we have generated preliminary information on the requirements for the 6-amino group of 19a. Of course, both the FAC-MS indicators, 1 (IC 50 ) 1.2 µM) and 2 (IC 50 ) 7.8 µM), are also active against EphB2 and could arguably form the basis of an optimization strategy; however, their IP positions would need to be closely evaluated.
In the context of this "hybrid" platform, FAC-MS is essentially being applied as a secondary assay for compounds selected by virtual screening methods. This combination of virtual compound selection and FAC-MS screening can further be iterated to create an early hit or lead optimization process. This could involve (1) further FAC-MS screening of structurally similar compounds to generate preliminary SAR data as we did here for 19a, (2) library expansion of the most promising hits followed by further FAC-MS screening, and/or (3) de novo design of compounds based on the most promising pharmacophore models derived from the FAC-MS results. Moreover, because both the FAC-MS system and a validated virtual model of the target and its binding ligands would already be established for the initial hit discovery stage, subsequent optimization strategies could be defined and tested relatively quickly.
In a similar manner, FAC-MS could be applied again as a secondary assay to compounds selected using cellbased assays. For example, there is an increasing trend in the drug discovery industry to first use cell-based assays as a primary screen to discover small-molecule hits specific to a disease condition. However, it is often difficult to exactly discern which hits are specific to the protein or pathway of interest and which are simply acting in a generic manner in the cells. FAC-MS is wellsuited as a secondary screen in this scenario. Protein targets relevant to the pathway could be immobilized in the FAC-MS system, and the hits from the cell-based assay could be screened against these targets. Those that directly interact with the target would quickly be identified and further developed with confidence that they are relevant to the disease state of interest.
In summary, the coupling of virtual screening methodologies with FAC-MS is a unique hybrid approach that can be used to increase the efficacy of both hit discovery and optimization efforts in drug discovery and has successfully identified hits, in particular 19a, as inhibitors for EphB2, a potential cancer target.
Materials and Methods
Preparation of 3D Database. The compound collection from Chemical Diversity (San Diego, CA) was obtained as an SD file and undesirable compounds were removed. Threedimensional coordinates for all compounds were generated using Concord 33 with structures aromatized and hydrogens added using an automated SPL script all within SYBYL. Additional filtering of the compound collection was carried out by application of Lipinski's rule of five, 36 followed by removal of compounds with undesirable chemical groups. The final collection was then converted to a Unity database for pharmacophore searches and to a multimol2 file for docking.
Docking and Scoring. Gold 10 was run in parallel mode on a BeoWolf cluster running Linux. For each ligand, 10 independent genetic algorithm (GA) runs were performed with a maximum of 1000 GA operations on a single population of 50 individuals, using 100 crossovers, 100 mutations, and 0 migration as GA operator weights. The final three docked conformations for each ligand were saved as a multimol2 file. The multimol2 file containing all compounds that were successfully docked was transferred to the SYBYL environment and converted to a SYBYL hits file. The consensus score module CSCORE within SYBYL was used to score all ligands. The individual score functions within CSCORE are ChemScore, Dock, FlexX, Gold, and PMF. 33 Selection of Docking Hits. The resulting SYBYL spreadsheet was subjected to kinase directed search using an internally derived SPL script that searched for poses where the key hydrogen bond between the inhibitor and the kinase backbone-NH was present. For each compound, if at least one pose was found to make the desired hydrogen bond, the compound was considered a hit. The compounds where the key hydrogen bond was formed were selected and subjected to consensus scoring followed by visual inspection. The final selection was made on the basis of a combination of the formation of the key hydrogen bond and PMF score ranges similar to score ranges for the known kinase inhibitors successfully docked (72 out of 95) followed by visual inspection.
Pharmacophore Derivation. According to the binding modes determined for the set of 72 of the 95 kinase inhibitors successfully docked in the ATP binding pocket of EphB2, a pharmacophore model was proposed. However, to reduce the large number of combinations containing redundant features, only seven kinase inhibitors were selected, as in the docking and scoring section, by focusing on the main interaction, the key hydrogen bond. The DISCO 37 module from SYBYL was used to generate a set of pharmacophore models. The model that had the best combination of features was selected and tested on three small databases containing tyrosine kinase inhibitors or molecules with chemical fragments found in tyrosine kinase inhibitors, with the purpose of optimizing the constraints applied on the features. The Unity module within the SYBYL package was used to query the compound database. To broaden the selection power for higher diversity of chemical structures, a new set of pharmacophores was further generated manually starting from this model. This second more general optimized model was chosen to complement our first pharmacophore model.
Reagents. Kinase inhibitors (1, WHI-P180; 2, SB203580; 3, PD153035; 4, Src kinase inhibitor 1; 5, VEGFR inhibitor; 6, AG1296; 7, BPIQ-II; 8, PD174265; 9, PD158780; 10, PP2; 11, DMBI) and RMan(1f3)[RMan(1f6)] ManO-octyl (M3) were purchased from Calbiochem (San Diego, CA). The 468-compound library was obtained from Chemical Diversity (San Diego, CA). Anti-His tag, clone 4D11, biotin conjugate monoclonal antibodies were purchased from Upstate Inc. (Charlottesville, VA). CPG glass beads (20 µm, 500 Å pore size) coated with streptavidin were purchased from CPG (now Millipore, Bedford, MA). SDS-polyacrylamide gels (4-20%) were obtained by BioRad (Mississauga, Ontario, Canada). Recombinant His-tagged EphB2 (kinase domain) was generously donated by MDS Proteomics (Toronto, Ontario, Canada). Poly(Glu, Tyr), 4:1, the protein tyrosine kinase assay kit, all solvents, and other reagents were obtained from Sigma-Aldrich (Oakville, Ontario, Canada).
FAC-MS Screening. The immobilization of EphB2 to streptavidin-coated CPG beads and the FAC-MS operating conditions were carried out as previously described. 12 To block any of the remaining streptavidin binding sites, the columns were saturated with D-biotin (40 µM). The activity of the immobilized EphB2 FAC-MS columns was determined using 1 as the indicator. Screening solutions were prepared to contain nine library members each at 5 µM and 1 and M3 at 1 µM, all in 20 mM NH4OAc containing 1% DMSO. For deconvolution, individual compound screening solutions were prepared at 5 µM, again with 1 and M3 at 1 µM all in 20 mM NH4OAc containing 1% DMSO.
ELISA. On the basis of the FAC-MS deconvolution results, the individual compounds active against EphB2 were further evaluated by ELISA with IC50 values determined as previously described using poly(Glu,Tyr) as the substrate. 12 Cellular Autophosphorylation Assay. Ls174T cells (ATCC) were grown in MEM media (Invitrogen) supplemented with 10% FBS, L-glutamine, nonessential amino acids, and sodium pyruvate. Cells were serum-starved overnight with media including 1% FBS. Cells were treated for 15 min with ephrinB1-Fc (R&D Systems) at 3 µg/mL that had been preclustered with an anti-Fc antibody (Innovative Research Inc.) at a 1:1.25 molar ratio. Treatment with preclustered human IgG1 (Sigma) was performed as a negative control treatment. To test efficacy of compounds, cells were pretreated with 150 µM compound for 1 h before ephrin stimulation. After treatment, cells were washed and lysed and total protein was determined. Lysates with equivalent protein content were precleared with 10 µL of protein G-agarose beads (Pierce). Precleared lysates were treated with 1 µg of anti-EphB2 ab (R&D Systems) for 1-2 h, followed by immunoprecipitation overnight with protein G-agarose beads. Beads were washed, and eluted protein was separated by SDS-PAGE and transferred to nitrocellulose using standard techniques. Blots were probed using an anti-phosphotyrosine antibody (Cell Signaling Technologies) at 1:2000, stripped, and reprobed using an antiEphB2 ab at 0.4 µg/mL. Bands were visualized and quantified using the BioRad Fluor-S Max MultiImager and Quantity One software.
